In the past decade there has been outstanding, continuing interest in developing novel structures to engineer and control light-matter interactions in subwavelength dimensions with desired optical characteristics. Herein, we propose a unique plasmonic configuration consisting of a split-ring and a nanosphere in the split section (resembles a single-stone ring). We show that this simple and antisymmetric structure is able to support pronounced antisymmetric Fano resonance at the near-infrared region, while strong hotspots form at the gap space between the split-ring terminals and the nanosphere. The antisymmetric feature of the structure facilitates strong-dependency on the polarization of the incident beam. Having strong sensitivity to the incident polarization angle, we tailored a fast plasmonic Fanorouter based on the behavior of Fano resonant mode. This study could help realizing Fano resonance based photonic devices using simple and antisymmetric nanostructures.
Introduction
Fano resonant (FR) modes in molecular metallic and dielectric nanoparticle (NP) assemblies have received excessive interest due to their potential applications in several fields of optical sciences that can be described based on the behavior of strongly localized electromagnetic (EM) fields in subwavelength regime [1] [2] [3] [4] [5] . For metallic structures, just analogous to the EM wave functions in hybridized atomic systems, new collective plasmonic modes can be arisen due to the strong near-field interaction of plasmon resonances, supported by closely packed metallic NPs. Accordingly, proximal metallic NP clusters or "oligomers" in symmetric and antisymmetric geometries are the promising nanostructures to support strong FRs as hotspots via localization of surface plasmon resonances (LSPRs) in the highly intense near-field coupling regime [6] . Technically, excitation of subradiant dark modes and a destructive interference between narrow subradiant dark modes with broad superradiant bright modes is the basic requirement to induce FR dips in a molecular system. It is well-accepted that because of the high possibility of supporting narrow subradiant dark modes in antisymmetric metallic nanoparticle assemblies, these structures have been considered as the ideal candidates in this field of optical sciences [7] . However, formation of practical FR dips in a molecular NP cluster depends on several parameters of physical to chemical properties. In the strongly coupled plasmonic nanostructures such as NP assemblies, plasmon resonance frequency/wavelength and line shape of the spectral response can be controlled via structural and chemical variations in the structures' properties. In terms of physical properties, spherical NPs are the conventional types of particles in this field of plasmonics due to easy fabrication techniques and simpler analytical analysis methods. Nevertheless, due to simple geometrical properties of spherical NPs, formation of intense dark modes without employing them in a super-complex and antisymmetric clusters is challenging. Recently, some alternative methods have been proposed to enhance the energy of localized plasmon resonant modes, such as metal-insulator-metal (MIM) aggregates [2] , metallic nanostars [8] , and nanotriangles [9] . Despite of unique features of nonspherical nanostructures in inducing subradiant dark modes, spherical NPs are still the first options in inducing strong hotspots in practical applications [10, 11] . Some new approaches have been introduced to induce strong hotspots in metallic NP colloids, such as addition of dielectric NPs in the dielectric spots between metallic particles to induce collective-magnetic dark modes and the result of this dark field excitement is formation of high quality hotspots in metallic clusters: called plasmon transmutation [11, 12] . The light-matter interaction in plasmonic nanoscale dimensions includes charge carrier scattering and accumulation and also, plasmon resonance energy transfer. As another example, very recently, split-nanoring particles and cavities with broken symmetry in simple molecular formations such as dimers have been utilized to induce new EM dark modes and hotspots [13, 14] . Furthermore, one such case is the magnetic coil-type hotspots that can be produced by formation of FRs in the antisymmetric assemblies [15] . Coil-type FRs can be appeared in all-dielectric NP assemblies with an antisymmetry feature based on morphological symmetry breaking to hybridize the EM resonant modes. The other example in this case is the artificial MIM dimers that operate based on optical magnetism at optical frequencies [16] . However, despite of superior plasmon response of the elucidated metallodielectric structures in comparison to metallic colloids, fabrication and theoretical analysis of these artificial structures are highly complex. On the other hand, Ahmadivand et al. [17] have already shown that breaking the symmetry of a simple concentric and entirely metallic nanomatryushka led to formation of Fano-like resonances at the optical frequencies. Evaluating the plasmon response of all of the presented examples and analogous nanostructures, a simple dimer with broken symmetry is one of the potential structures to induce FR modes via dark mode formation. But, it should be noted that inducing dark modes and supporting FRs in simple structures is challenging due to lack of structural complexity and antisymmetry features. In searching for new structures with simple geometries to support strong plasmon resonances and their constructive and destructive interference, newly, some new structures have been proposed to boost and enhance the energy of dark plasmon resonant modes that can be utilized in producing strong hotspots. Fractal nanoparticles in different Cayley tree orientation [18] and four-sided squares with a broken side [19] are the most recent examples of these nanostructures that were tailored to support strong Fano resonances at the optical frequencies. Although these irregular structures reflect remarkable optical responses, the plasmon response of spherical nanostructures are more promising and reliable for practical purposes.
Herein, we go beyond conventional plasmonic nanostructures by introducing a new orientation of molecular metallic NPs composed of C-shaped split-rings with depositing a metallic nanosphere in the split gap spot (offset distance) between nanorings wedges as a single-stone ring-like (SSRL) NP (see Fig. 1(a) ). We show that placement of a single nanosphere in the cut space between wedges of the ring gives rise to formation of subradiant dark plasmon resonant modes and interactions of them with broad bright modes, resulting strong hotspots in the wedgesphere offset spot. Numerical analysis evidence for the formation of narrow subradiant dark modes in the proposed SSRL structures, specifically in the space between the spheres and the ring wedges. Focusing on the interplay between super-and subradiant plasmon modes, we describe excitation of FR modes in a simple nanoscale blueprint. Changing the polarization angle of the incident beam, we analyzed the polarization-dependency and fast switching properties of the SSRL structure based on the behavior of FR mode to design a Fano-router device.
Numerical modeling
We used finite-difference time-domain (FDTD) method to analyze the plasmon response and optical features of the presented nanostructures numerically. To this end we used commercial version of Lumerical FDTD Solutions 2015 package with the following settings for FDTD parameters: The spatial grid cell dimensions (mesh sizes) were set to d x ¼d y ¼d z ¼0.5 nm, and 48 perfectly matched layers (PMLs) were the boundaries. Also, considering numerical stability for the employed subwavelength components, simulation time step was set to the 0.01 fs according to the Courant stability. The light source was a polarized linear plane wave with a pulse length of 2.6533 fs, and the offset time of 7.5231 fs. In addition, the illumination bandwidth was set to 400 nm-1600 nm. The intensity of the incoming electric field was set to 1 μW μm À 2 . We used gold (Au) particles with experimentally measured Johnson-Christy constants [20] and a modified version of Drude model was employed for our simulations that was proposed for Au in the UV to the visible spectrum as [18] ε ω ε
, where ε ∞ is the permittivity for the highfrequency response, ω p is the plasma frequency, and γ. is the damping constant. We utilized experimentally determined parameters suitable for FDTD simulations that were determined by Vail et al. [21] as following: ε = ∞ 1.14, ω = × 1.32 10 p 16 rad/s, and γ = × 1.08 10 14 rad/s. The position and quality of the induced antisymmetric Fano dip can be analyzed by calculating the line width corresponding to FR mode, using the proposed method by Miroshnichenko et al. [22] , and by plotting the scattering profiles. To this end, we used the following equation that explains the Fano interference model analytically:
is the scattering spectra determined by
represents the amplitude of constant background, B n is the amplitude of each plasmon resonant mode, Γ n describes the line width, φ n is the plasmon modes phases, and finally, ω pn characterizes the resonance frequencies. satisfied the required antisymmetry to provide a particular physical mechanism for hybridization of plasmon resonances. In addition, this condition can be utilized as a platform to induce strong dark modes via retardation effect. This asymmetry feature facilitates the rigorous polarization dependency of the SSRL to the incident linear polarized beam angle. The other key parameter here is the offset gap distance between proximal nanosphere and nanorings' wedges (wedge-sphere space) in both sides which is equal in both sides and defined with D sw , and its quantity strongly depends on the radius and position of nanosphere. We will show that for small distances of D sw , strong hybridization and coupling of plasmon resonant modes can be observed, like simple molecular plasmonic dimers [20, 23] . Having several adjustable geometrical parameters, the proposed system allows for tuning the plasmon response of the SSRL over a wide range of spectrum. To extract the plasmon response of an isolated SSRL nanostructure, we modified the geometries of the configuration under illumination with transverse polarization in the visible to the NIR. In terms of hybridization mechanism, for the SSRL case, when the polarized incident beam parallels to the sharp split-ring wedges, strong dark high-order electron oscillations as plasmon resonant modes can be excited because of retardation effect (see the inset picture in Fig. 2 (A), shows the direction of the propagated electric field (E-field) to the NPs). The split-ring supplies the narrow dipolar and multipolar plasmon resonances around the surfaces and sharp wedges, interacting and coupling primarily with the broad dipolar plasmon modes of the proximal nanosphere. In all of the further calculated scattering cross-section spectra one or two strong extremes appeared at shorter (visible) and longer (NIR) wavelengths, and also, a single minimum as a dip appeared. Therefore, as a primary factor, modifications in the geometrical sizes of the split-ring give rise to dramatic displacements in the position of the broader peak and the small dip. Fig. 2(A) exhibits numerically calculated scattering cross-section spectra for the variations in the size of nanosphere 55 nmo R s o 85 nm, while the size of split-ring were fixed to R i ¼ 90 nm, R o ¼160 nm, h¼160 nm, and D sw changes in the range of 10 nmo D sw o40 nm, because of variations in the radius of nanosphere. According to the results for an isolated splitring reported by Ahmadivand et al. [14] , we utilized the optimal size for the angle of split-ring as β¼60°in all simulations to induce strong dipolar and multipolar plasmon resonant modes in a split-ring. Considering the concept of hybridization theory, when a SSRL is illuminated, the Au sphere supports strong dipolar bright modes naturally, while for the split-ring, in addition to the strong Fig. 2. (A, C, E) Scattering spectra for an isolated Au-SSRL during changing in the sphere radius, and inner and outer radii of the split-ring, (B, D, F) numerically obtained E-field maps for certain geometrical sizes variations in the SSRL structure. dipolar extreme, a distinct shoulder correlating with the high-order plasmon modes appears [17] . For R o ¼85 nm, two distinct shoulders are apparent in the scattering profile at λ¼590 nm, and λ¼985 nm, corresponding to the narrow antibonding and broad bonding plasmon modes of the SSRL system, respectively. The small arrow between two peaks indicates the position of FR dip at λ¼785 nm due to overlapping of broad dipolar mode with narrow high-order dark mode. Further decrements in the radius of nanosphere led to increase of D sw and resulted formation of undesired weak dipolar plasmon modes that cannot be coupled efficiently with the narrow modes which are supported by the splitring. For instance, for R s ¼55 nm, a dramatic reduction in the energy of dipolar bright mode leads to disappearing of the FR mode. Fig. 2(B) shows the simulated E-field intensity distribution for the plasmon resonance coupling and hybridization in a SSRL structure for two different gap sizes, which compares the effect of small radius of nanosphere in missing the Fano dip. Setting the other geometrical parameters to R o ¼ 160 nm, h¼ 160 nm, and R s ¼85 nm, we plotted the spectral response of the SSRL by varying the inner radius of the shell in the range of 60 nm oR i o140 nm (Fig. 2(C) ). In the scattering profile, we observed a noticeable Fano dip at λ¼810 nm for R s ¼100 nm, denoted by an arrow inside the spectral response. Decreasing the size of the inner radius increases the thickness of the ring, and resulted with a poor spectral response due to high ohmic losses in the broken-shell of the SSRL nanostructure. In contrast, for bigger sizes of inner radius, the FR dip gradually becomes shallower and for R i 4120 nm disappears and the energy of the broad dipolar and the narrow multipolar modes reduces dramatically due to losing a big portion of the ring that can no more support collective electron oscillations efficiently. Interestingly, in both of the latest inner radius modifications, we observed a noticeable blue-shift (to the shorter wavelengths) in the position of dipolar and multipolar modes including a distinct dip. Fig. 2(D) shows two-dimensional (x-y) E-field intensity map corresponding to the plasmon resonance excitation and hybridization in the gap distance between nanoring wedges and nanosphere, comparing the plasmon resonance coupling for two different inner radius sizes in the SSRL system. Obviously, for thinner nanoring, the energy of the resonance coupling in the wedges (hotspots) is decreased due to formation of poor multipolar dark modes by the nanoring; while the broad dipolar mode induced by nanosphere remained fixed. It should be underlined that the offset gap distance between sharp wedge terminals and sphere, D sw is set to 12 nm and not changed while varying the nanoring sizes, to provide strong coupling regime. The other fundamental parameter is the outer radius of nanoring (R o ), which plays a significant role in intensifying the plasmon response. Fig. 2 (E) illustrates the plasmon response for the outer radius modifications in the range of (135 nm oR o o 180 nm), while the other geometries fixed as R s ¼85 nm, R i ¼ 115 nm, h¼160 nm. Similar to the earlier case, for the larger outer radius R o ¼ 165 nm, we expect high ohmic losses, resulting high dissipative factor. As shown in Fig. 3 . A) Simulated scattering cross-sectional profile for a nanosphere with R s ¼85 nm (solid curve), a split-ring with R s ¼ 105 nm, R i ¼105 nm, h ¼ 160 nm (dashed curve), and a SSRL structure (dotted curve). The Fano zone and starting and ending points are highlighted with different color, B, C) simulated charge distribution diagram in the SSRL structure at the Fano minimum position with the total charge current density illustration that is indicated by arrows and different colors.
Results and discussion
the spectral profile for outer radius variations, for R o ¼165 nm, a pronounced dip is induced at λ¼815 nm. By reducing the size of outer radius, a dramatic decay in the scattering cross section is observed due to smaller thickness of the split-ring as well as a blue-shift in the position of dipolar and multipolar plasmon modes. Fig. 2(F) shows the E-field intensity map for the plasmon resonance excitation in the offset gap spot between ring wedges and nanosphere for two different examined outer radii. Comparing   Fig. 4 . A) Simulated scattering spectra of an isolated Au-SSRL with excitation polarization at θ ¼0°, θ¼ 10°, θ¼ 20°, and θ¼ 90°, (B) numerically computed E-field maps for the SSRL during excitation with different incident polarization angles (varying from transverse to longitudinal), (C) calculated polarization dependency of the scattering spectral response of the Au-SSRL over the incident polarization angle. the performance of the SSRL nanostructures between the snap shots in Fig. 2(D) (with R i ¼100 nm) and Fig. 2(F) (with R o ¼155 nm), we used the following dimensions for the SSRL structure for our proposed devices: R s ¼85 nm, R i ¼105 nm, R i ¼ 155 nm, h¼160 nm and D sw ¼ 12 nm Noticing in the depicted E-field maps for all of the examined geometries, the sharp terminals at wedges in the split-ring generate extremely large field confinement at a few nanometers gap spot that can be described by nanofocusing concept [24] .
Next, we describe a comparative method to provide better understanding of Fano dip formation and also, we attempt to find a threshold for dark mode activation. To this end, we analyzed the plasmon resonance of the split-ring and sphere individually besides the other graph (see Fig. 3(A) ). This approach defines formation of Fano-like resonant dip with high accuracy. Considering the Au nanosphere part of the proposed SSRL with the radius of 85 nm, a distinct broad extreme appears at λ¼580 nm (solid curve in Fig. 3(A) ). The other curve (dashed) is correlated with the isolated split-ring spectral response and has two distinct peaks for narrow plasmon resonant modes. The dotted curve representing the scattering cross section spectrum of the combined system includes a dip around λ∼800 nm. The overlapping region is shown with the shaded area between the low energy tail of the sphere peak and the high energy of the split-ring. In this region, electric charge density plot could help to understand the behavior of the structure and also formation of FR mode. Fig. 3 (B) and (C) shows the charge density direction and field distribution in a SSRL system, where the direction of the incident E-field is in opposite direction with the excited fields in the split-ring (out-of-phase regime), which is the most important requirement to generate FR resonant dip.
It should be noted that due to fundamental limitations in fabricating nanospheres in experimental practices, hence, a metallic nanodisk with a similar dimension can be utilized as an alternative for sphere. To show the effect of this replacement on the plasmon response of the structure, we inserted numerically obtained results for this modification in Supplementary information file. Because of possessing an additional geometrical parameter in nanodisk (the height of particle), therefore, we expect significant changes in the quality and position of Fano dip. Fig. S1 shows the scattering cross-sectional response for the same SSRL nanostructure with varying height, where we obtained a pronounced Fano minimum at longer spectra around λ∼1050 nm.
Let's proceed by proposing a practical application of the proposed simple SSRL structure. Comparing the effect of all of the examined parameters on the Fano dip performance, the depth of Fano minimum is controlled by the size of the split-ring due to support required for the narrow modes to induce Fano minimum is the spectral response. Consequently, tuning the geometries of the split-ring can be employed to reduce the depth of the Fano dip to zero [25] . In addition, the antisymmetric feature provides strong polarization-dependency for switching applications. Fig. 4 (A) exhibits the polarization-dependent scattering profile for an isolated Au-SSRL with the geometrical dimensions used in the last case presented above. We increased the polarization angle of the incident light from θ¼0°to 90°. In this regime, at the θ¼0°po-larization angle the proposed SSRL shows a pronounced Fano minimum with the characteristic transparency window at λ∼800 nm. Obviously, increasing the polarization angle results in dramatic decays in the quality of Fano resonant mode and complete disappearance ultimately for θ¼20°-90°. The plasmon hybridization concept can be used to explain the response of the structure to the polarization angle variations. At θ¼0°, we observe a broad bonding plasmon resonant mode supported by the nanosphere, and also narrow antibonding extremes that are supported by the split-ring that were discussed already. More precisely, at the FR position, the dipole moment of the split-ring and the nanosphere are not aligned properly, which confirms that the appeared minimum is an FR mode resulted by the interference of broad bright and narrow dark plasmon modes. Also, for θ¼10°, we observe a small dip at the position of Fano minimum indicated by an arrow. On the other hand, for the polarization angle at the θ420°, we have a couple of broad modes at λ∼500 nm and λ∼750 nm. Moreover, we observe continuing bright mode at the position of FR dip indicated by an arrow, while no dark mode is observed. It should be underlined that the small and shallow minimum between two peaks for θ420°is not related to the Fano interference. On the scattering spectra, we indicated the ON and OFF-states (dashed arrows) for the proposed Fano-router based on the formation of Fano minimum. In addition, by increasing the polarization angle, we observe a distinct blue-shift in the position of dipolar and multipolar peaks to the shorter spectra (visible band). This behavior of the SSRL structure during the polarization variations can be seen in the E-field diagram shown in Fig. 4(B) . This figure represents simulation snapshots at different polarizations angles, where by increasing the polarization angle to longitudinal mode, the energy of hotspots decreased dramatically due to the missing narrow antibonding modes. Also, the appeared plasmon modes around the split-ring disappear for large polarization angles. Finally, in order to verify the polarization dependency of the SSRL structure, we displayed the scattering spectral response (spectral position of Fano minimum) as a function of the incident laser polarization angle (see Fig. 4(C) ). Noticing in this profile, a θ cos 2 incident light angular-dependence profile of the proposed SSRL structure verifies highly polarization-dependent response. This polarization sensitivity to small variations can be utilized in fast switching applications at the optical communication systems that are operating at the NIR frequencies.
Conclusions
In conclusion, using numerical methods, we analyzed the plasmonic response of an antisymmetric metallic nanostructure composed of a split-ring with a nanosphere in the split as a SSRL structure. We showed that the proposed subwavelength structure can be tailored to support strong bonding and antibonding plasmon resonances from the visible to the NIR spectrum effectively with high amplitude, and the antisymmetric nature of the structure helped to induce pronounced Fano minimum. Analyzing the scattering cross section spectra of the individual components, the nanosphere and the nanoring, we explained the charge distribution characteristics and the observed spectra of the proposed SSRL structure. We also investigated the polarization dependence of the observed spectra by varying the polarization of the incident beam. It is shown that by changing the polarization angle of the incident beam, the characteristics of the Fano minimum can be altered dramatically, and for small variations in the incident polarization angles (θ¼20°), the Fano minimum disappears due to the disappearance of the narrow dark mode. This advantage originated from the unique shape of the proposed antisymmetric nanostructure in supporting resonant modes at various polarizations. Based on this dependence we proposed a Fano router which could be used in fast switching applications at the optical communication systems operating at the NIR frequencies.
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